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In the pathogenesis of demyelinating diseases including multiple sclerosis (MS) an important role is played by oxidative stress.
Increased energy requirements during remyelination of axons and mitochondria failure is one of the causes of axonal degeneration
and disability in MS. In this context, we analyzed to what extent the increase in purine catabolism is associated with selected
blood lipophilic antioxidants and if there is any association with alterations in serum levels of coenzyme Q

10
. Blood serum and

cerebrospinal fluid (CSF) samples from42 patients with diagnosedMS and 34 noninflammatory neurologic patients (control group)
were analyzed. Compared to control group,MS patients had significantly elevated values of all purine nucleotidemetabolites, except
adenosine. Serum lipophilic antioxidants 𝛾-tocopherol, 𝛽-carotene, and coenzyme Q

10
for the vast majority of MS patients were

deficient or moved within the border of lower physiological values. Serum levels of TBARS, marker of lipid peroxidation, were
increased by 81% in theMS patients.The results indicate that the deficit of lipophilic antioxidants in blood of MS patients may have
a negative impact on bioenergetics of reparative remyelinating processes and promote neurodegeneration.

1. Introduction

Multiple sclerosis (MS) is an inflammatory immunemediated
demyelinating disease of the central nervous system (CNS).
An energy deficient state and oxidative and nitrative stress
have been implicated in the degeneration of axons inmultiple
sclerosis [1–4]. In chronic lesions, axonal degeneration corre-
lates with the extent of inflammation and leads to axonal loss
through a slow burning process [5].

Mickel [6] proposed that a lipid peroxidation disturbance
caused by free radicals production is involved in the break-
down of the myelin sheath. Since then several studies have
demonstrated the role of increased free radical production
and/or a decreased antioxidant defense in CNS as causal
factors of MS [1, 4, 7, 8].

Following demyelination the axonal membrane under-
goes a number of changes including an increase in number

of sodium channel within demyelinated part of the axon [9–
11].Themaintenance of intra-axonal ionic balance and resting
membrane potential following the influx of sodium through
the increased sodium channels relies on the largest consumer
energy in the central nervous system, Na+/K+ ATPase [12].
In noninflammatory environments this increase in energy
demand of axons lacking a healthy myelin sheath is apparent
by the changes in density and activity of energy producing
organelles mitochondria, the most efficient producers of
energy [2, 13, 14].

Though the principal site of MS pathology is the CNS,
the lipid status and the membrane properties in the platelets
and erythrocytes in the peripheral blood are also altered
[7]. Increased lipid peroxide levels have been observed both
in the cerebrospinal fluid and in the blood of MS patients
[7, 8, 15]. Lack of sufficient vitamin A and E in the diet has
been suggested to be a risk factor for the onset of the disease

Hindawi Publishing Corporation
Multiple Sclerosis International
Volume 2014, Article ID 759808, 9 pages
http://dx.doi.org/10.1155/2014/759808

http://dx.doi.org/10.1155/2014/759808


2 Multiple Sclerosis International

[7, 16]. However, other studies have found that the plasma
levels of these vitamins are similar in MS patients and in
controls [7, 17].

The present study examined serum levels of vitamin A
(𝛽-carotene), vitamin E (𝛾- and 𝛼-tocopherol) isomers, and
coenzyme Q

10
(antioxidant, which is an indicator of bioener-

getic state) inMSpatients in relation to the cerebrospinal fluid
levels of purine nucleotides degradation products (adenosine,
inosine, hypoxanthine, xanthine, and uric acid), which are
known to be produced during energy deficiency. Further-
more, we were interested to discover which of these lipophilic
antioxidants is associated the most with lipid peroxidation
and degradation of purine nucleotides in MS patients.

2. Materials and Methods

2.1. Clinical Evaluation of the Patients and Preparation of
Samples. Blood serum and cerebrospinal fluid (CSF) samples
from 42 patients diagnosed with multiple sclerosis (MS)
according to McDonald’s rule were analyzed. Test group
consisted of 32 females and 10 males with average age of 36.3
± 11.97 years. Each patient had relapsing-remitting form and
was out of relapse at the time. According to our knowledge,
patients were not presented with any other serious illnesses.
The control group was created from neurological patients
with noninflammatory diseases of the central nervous system
(𝑛 = 34, 8 males, 26 females) with an average age of 36.06 ±
11.92 years, who had routine CSF analysis and biochemical
parameters within the physiological values. Each proband
signed informed consent and agreed with the investigation of
mentioned parameters. Ethical committee statement was not
necessary since the examination of parameters was indicated
by neurologist and was a component of diagnostic process.
None of the patients had demyelinating disease or any other
diseases associated with an increase of oxidative stress and
degradation of purine nucleotides. Blood and CSF samples
were taken at the same time. Aliquots of CSF and serum
samples were centrifuged, coded, and immediately stored at
−70∘C in polypropylene tubes until being assayed.

2.2. Laboratory Assays. CSF levels of uric acid (UA), hypox-
anthine (Hyp), xanthine (Xan), inosine (Ino), and adeno-
sine (Ado) were measured by isocratic HPLC method
(high-performance liquid chromatography) with UV detec-
tion (254 nm). Deproteinized and centrifuged samples were
loaded (20𝜇L) onto a LiChroCART 250-4 column filled with
LiChrospher 100 RP-18 (5 𝜇m) (Merck, Germany). The chro-
matographic column was connected to an HPLC apparatus
consisting of a LaChrom L-7100 pump system and L-7400
UV detector (Merck-Hitachi, Germany). Data acquisition
and analysis were performed by a PC using the CSW v1.7,
(DataApex Ltd., Czech). Mobile phase included 60mmol/L
KH
2
PO
4
, 2% methanol (v/v), pH 2.9.

Serum 𝛼- and 𝛾-tocopherol (𝛼T and 𝛾T), 𝛽-carotene
(𝛽C), and coenzyme Q

10
(CoQ

10
) were measured by mod-

ified isocratic HPLC method with UV detection at 275 nm
(CoQ

10
), 295 nm (tocopherols), and 450 nm (𝛽-carotene) [18,

19].

Serum levels of thiobarbituric acid reactive substances
(TBARS) were determined spectrophotometrically at 532 nm
according to Janero and Burghardt [20].

State of blood-brain barrier (BBB) of patients was evalu-
ated viaQA-index, as ratio between albumin concentration in
CSF and in blood serummultiplied by 1000. QA-index higher
than 7.4 indicates BBB deterioration.

Intrathecal IgG production was evaluated via IgG
index (IgG index = IgGCSF/albuminCSF : IgGs/albumins) and
Reiber’s index (RIG) [21].

2.3. Statistical Analysis. All statistical analyses were carried
out using StatsDirect statistical software, version 2.7.2 (Stats-
Direct Sales, Sale, Cheshire M33 3UY, United Kingdom).
𝑃 < 0.05 was considered significant. For normal distribution
of data, the means and standard deviations were shown
and Student’s 𝑡-test for comparing two independent samples
was used. For non-Gaussian distribution, the median values
and 25–75% interquartile range (IQR) were shown and
independent variables were compared using the nonparamet-
ric Mann-Whitney 𝑈 test. The linear relationship between
continuous variables was evaluated using the Spearman’s
correlation coefficient.

3. Results

Selected basic biochemical parameters in the serum and
cerebrospinal fluid (CSF) are shown in Table 1 characterizing
the control group and the group of patients with multiple
sclerosis (MS) in comparison to the reference values. The
group with multiple sclerosis patients (𝑛 = 42, the average
age of 36.49± 11.97 years) was characterized by pathologically
high CSF levels of immunoglobulin IgG, with evidence
of increased intrathecal synthesis of immunoglobulin IgG
expressed by elevated values of IgG index and Reiber’s index
(RIG) (Table 1). Average QA values of MS patients (that
characterize the integrity of blood-brain barrier) were within
the physiological range but in comparison to controls were
significantly higher (𝑃 = 0.0293).

3.1. Purine Nucleotide Degradation Products. In Table 2 are
shown CSF levels of purine nucleotide degradation prod-
ucts adenosine (Ado), inosine (Ino), hypoxanthine (Hyp),
xanthine (Xan), and uric acid (UA) in comparison with a
control set of neurological patients with noninflammatory
CNS diseases. Compared to control group, MS patients had a
significantly elevated values of all purine nucleotide metabo-
lites, except of adenosine,whichwere significantly lower (0.20
± 0.16 𝜇mol/L versus 0.44 ± 0.20𝜇mol/L) (Table 2).

3.2. Serum Lipophilic Antioxidants and TBARS. Serum
lipophilic antioxidants 𝛾-tocopherol (𝛾T),𝛼-tocopherol (𝛼T),
the ratio of 𝛾/𝛼-tocopherol (𝛾/𝛼T), 𝛽-carotene (𝛽C), and
coenzyme Q

10
(CoQ

10
) in the vast majority of cases were

lower than normal or were in the close proximity to the
bottom border of the physiological values (Table 3).
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Table 1: Levels of selected biochemical parameters in patients with multiple sclerosis (MS) and the neurological control group.

Reference Control (𝑛 = 34) MS (𝑛 = 42) 𝑃 value
Age 36.06 ± 11.92 36.49 ± 11.97 NS
Gender (male : female) 8 : 26 10 : 32
QA ≤7.4 4.56 ± 1.28 5.37 ± 1.75 0.0293
IgG, CSF (g/L) 0–0.04 0.02 ± 0.01 0.06 ± 0.02 0.0000
IgG, serum (g/L) 7–17 9.32 ± 2.37 11.79 ± 2.58 0.0001
Albumin, CSF (g/L) 0–0.35 0.20 ± 0.07 0.24 ± 0.08 0.0274
Albumin, serum (g/L) 37–53 42.00 ± 3.00 43.04 ± 3.11 NS
IgG index <0.66 0.44 ± 0.04 0.99 ± 0.36 0.0000
RIG (mg/L) 0 0 14.38 ± 14.76 0.0000
The mean ± standard deviation is shown.

Table 2: CSF levels of purine nucleotide degradation products in patients with multiple sclerosis (MS) and in the control group.

Control (𝑛 = 34) MS (𝑛 = 42) 𝑃 value
Uric acid (𝜇mol/L) 16.13 ± 3.55 20.45 ± 7.20 0.0029
Hypoxanthine (𝜇mol/L) 2.39 ± 0.84 3.44 ± 1.68 0.0015
Xanthine (𝜇mol/L) 1.67 ± 0.62 2.52 ± 1.02 0.0001
Inosine (𝜇mol/L) 0.91 ± 0.35 1.30 ± 0.40 0.0001
Adenosine (𝜇mol/L) 0.44 ± 0.20 0.20 ± 0.16 0.0000
The mean ± standard deviation is shown.

Table 3: Serum levels of some lipophilic antioxidants and TBARS (thiobarbituric acid reactive substances) in patients with multiple sclerosis
(MS) compared with reference values.

Reference values MS (𝑛 = 42) Outside the reference range
𝛾-tocopherol (𝜇mol/L) 2–7 1.54 ± 0.56 71.4% 30/42
𝛼-tocopherol (𝜇mol/L) 15–40 22.84 ± 5.65 0% 0/42
𝛾/𝛼-tocopherol 0.133–0.175 0.071 ± 0.025 100% 42/42
𝛽-carotene (𝜇mol/L) 0.3–3.0 0.64 ± 0.48 28.6% 12/42
Coenzyme Q10 (𝜇mol/L) 0.4–1.0 0.43 ± 0.12 45.2% 19/42
TBARS (𝜇mol/L) <4.5 5.15 ± 0.83 80.9% 34/42
The mean ± standard deviation is shown.

The greatest incidence of antioxidants deficiency
occurred at 𝛾T levels, where up to 71.4% of MS patients
had subliminal serum values of 𝛾T and 𝛾T values of the
rest of the MS patients were in the bottom border of the
𝛾T physiological values (Figure 1). The ratio between the
isomers of vitamin E, 𝛾- and 𝛼-tocopherols (𝛾/𝛼T), was
reduced compared to the reference values of all analyzed MS
patients. Serum 𝛼-tocopherol levels were within the borders
of physiological values (Table 3). We observed deficit status
in serum levels of 𝛽-carotene in approximately 30% and in
CoQ
10
levels in 45% of MS patients (Table 3).

Serum levels of TBARS (thiobarbituric acid reactive
substances) and marker of lipid peroxidation were increased
by 81% in the MS patients (Table 3). These values correlated
negatively with serum levels of 𝛽-carotene (𝑟 = −0.329;
𝑃 = 0.048) (Figure 2). In addition, 𝛽-carotene negatively
correlated with IgG index (𝑟 = −0.465, 𝑃 = 0.003) and RIG
(𝑟 = −0.504, 𝑃 = 0.0017) (Figure 2).

3.3. SpearmanRankCorrelations amongAnalyzed Parameters.
Spearman rank correlations among lipophilic antioxidants
and intrathecal synthesis of IgG expressed by IgG index
and Reiber’s index RIG (Figure 2) showed also significant
relationship betweenCoQ

10
and 𝛾T (𝑟 = 0.355,𝑃 = 0.02) and

between 𝛾T and IgG index (𝑟 = 0.314,𝑃 = 0.04). Serum levels
of 𝛾T significantly correlated with levels of 𝛼-tocopherol as
well (𝑟 = 0.314, 𝑃 = 0.04) (Figure 2).

Out of the measured antioxidants, 𝛾-tocopherol corre-
lated the most with CSF levels of purine nucleotide degra-
dation products (Figure 3). Serum levels of 𝛾T correlated
positively with CSF levels of adenosine (𝑟 = 0.355, 𝑃 = 0.05),
metabolic turnover of adenosine to inosine (𝑟 = 0.449, 𝑃 =
0.01), CSF levels of hypoxanthine (𝑟 = 0.391, 𝑃 = 0.03), and
xanthine (𝑟 = 0.411, 𝑃 = 0.02) and negatively with CSF
levels of uric acid (𝑟 = −0.407, 𝑃 = 0.02) and metabolic
turnover of hypoxanthine to uric acid (𝑟 = −0.352, 𝑃 = 0.05)
(Figure 3).
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Figure 1: Serum 𝛾-tocopherol levels in multiple sclerosis patients
(𝑛 = 42) compared to reference range (2–7𝜇mol/L).
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Figure 2: Spearman rank correlations among lipophilic antioxi-
dants, TBARS, and intrathecal synthesis of IgG expressed by IgG
index and Reiber’s index. 𝛽C: 𝛽-carotene, 𝛾T: 𝛾-tocopherol, 𝛼T: 𝛼-
tocopherol, CoQ

10
: coenzyme Q

10
, and TBARS: thiobarbituric acid

reactive substances.

3.4. Purine Nucleotide Degradation Depending on the Serum
Lipophilic Antioxidants Concentrations. With regard to the
occurrence of not uniform serum deficit of lipophilic antiox-
idants MS patients, we analyzed our set of patients divided
into 4 subgroups (Table 4(a)). The first group consisted of
patients with deficiency of 𝛾-tocopherol only (−𝛾T, 𝑛 = 16).
The second group consisted of patients with deficiency and
thresholds to be deficit 𝛾T and CoQ

10
(−𝛾T𝛽CoQ

10
; 𝑛 =

16), the third group consisted of patients with deficiency and
thresholds to be deficit 𝛾T and 𝛽C (−𝛾T𝛽C; 𝑛 = 10), and

IMP Ado

Ino

Hyp

Xan

UA

GMP

Guo

Gua

𝛾T

r
=
−0
.4
07
0

P
=
0.
02
34

r =
0.41

09

P =
0.02

21

r = 0.3911
P = 0.0294

r = 0.4490P = 0.0124

r = 0.3548
P = 0.0482

r =
−0
.35
19

P
=
0.0
50
1

ATP ⇌ ADP ⇌ AMP

Figure 3: Spearman rank correlations between CSF purine
nucleotide degradation products and serum 𝛾-tocopherol in
patients with multiple sclerosis. 𝛾T: 𝛾-tocopherol, Ado: adenosine,
Ino: inosine, Hyp: hypoxanthine, Xan: xanthine, UA: uric acid, Guo:
guanosine, and Gua: guanine.

the fourth group consisted of patients with deficiency and
thresholds to be deficit 𝛾T, 𝛽C, and CoQ

10
(−𝛾TCoQ

10
𝛽C;

𝑛 = 10). In accordance with the correlation relationships
(Figure 3), the groups of MS patients with deficiency of 𝛽-
carotene (−𝛾T𝛽C and −𝛾TCoQ

10
𝛽C) had higher values of

TBARS and higher intrathecal synthesis of IgG (IgGindex,
RIG) compared to groups −𝛾T and −𝛾TCoQ

10
(Table 4(a)).

Serum levels of CoQ
10

in MS patients significantly
interfere with the metabolism of purine nucleotides in CSF
(Table 4(b)). CoQ

10
deficiency leads to increased degradation

of adenosine to inosine (Ino/Ado), which is manifested by
significantly lower CSF levels of adenosine (group 2; Ado =
0.12 (0.07–0.17)𝜇mol/L) in comparison to MS patients with
𝛾T deficiency (group 1; Ado = 0.17 (0.13–0.54) 𝜇mol/L, 𝑃 =
0.028).

All MS subgroups had significantly lower CSF levels of
adenosine and significantly increased degradation of adeno-
sine to inosine (Ino/Ado) and to hypoxanthine (Hyp/Ado)
compared to the control group (Table 4(b)).

The group of MS patients with 𝛽-carotene deficiency
had the increased degradation of the hypoxanthine to the
xanthine (Xan/Hyp), as well as significantly higher CSF
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Table 4: (a) Values of selected biochemical parameters (IgG index, QA, and RIG) and serum lipophilic antioxidants and TBARS in
patients with multiple sclerosis (MS) divided into subgroups according to the occurrence of measured antioxidants in serum −𝛾T (𝛾-
tocopherol deficiency only), −𝛾TCoQ10 (𝛾-tocopherol and coenzyme Q10 deficiency), −𝛾T𝛽C (𝛾-tocopherol and 𝛽-carotene deficiency),
and −𝛾TCoQ10𝛽C (𝛾-tocopherol, coenzyme Q10, and 𝛽-carotene deficiency). (b) CSF levels of purine nucleotide degradation products, uric
acid (UA), hypoxanthine (Hyp), xanthine (Xan), inosine (Ino), and adenosine (Ado) in patients with multiple sclerosis (MS) divided into
subgroups according to the occurrence of measured antioxidants in serum −𝛾T (𝛾-tocopherol deficiency only), −𝛾TCoQ10 (𝛾-tocopherol and
coenzymeQ10 deficiency), −𝛾T𝛽C (𝛾-tocopherol and𝛽-carotene deficiency), and−𝛾TCoQ10𝛽C (𝛾-tocopherol, coenzymeQ10, and𝛽-carotene
deficiency).

(a)

All MS
(𝑛 = 42)

Group 1
−𝛾T

(𝑛 = 16)

Group 2
−𝛾TCoQ

10

(𝑛 = 16)

Group 3
−𝛾T𝛽C
(𝑛 = 10)

Group 4
−𝛾TCoQ

10
𝛽C

(𝑛 = 10)

Age 36
(28–40)

37.5
(32–50)

35
(24–37)

37.5
(29–50)

35
(31–38)

QA 4.95
(3.96–6.47)

4.86
(3.45–7.30)

4.69
(4.02–6.53)

5.24
(4.22–8.28)

6.08
(3.96–7.76)

IgG index 0.82
(0.74–1.14)

0.86
(0.72–1.62)

0.79
(0.72–1.25)

1.09
(0.89–1.19)

1.09
(0.72–1.19)

RIG 8.54
(2.43–19.53)

5.40
(2.20–20.67)

5.40
(2.06–8.91)

19.38∗∗b
(12.25–20.70)

13.61∗b
(4.81–30.46)

𝛾T (𝜇mol/L) 1.50
(1.04–2.00)

1.82
(1.38–2.19)

1.46
(1.29–2.00)

1.70
(1.61–2.11)

1.43
(1.00–1.79)

𝛼T (𝜇mol/L) 21.94
(18.65–25.25)

22.90
(19.10–24.40)

21.68
(18.65–24.55)

24.65
(19.10–25.10)

20.60
(17.40–26.20)

𝛾/𝛼T 0.07
(0.05–0.09)

0.09
(0.06–0.10)

0.07
(0.05–0.09)

0.08
(0.05–0.09)

0.07
(0.07–0.09)

CoQ10 (𝜇mol/L) 0.41
(0.37–0.51)

0.51
(0.43–0.58)

0.38∗∗ac
(0.33–0.42)

0.55
(0.47–0.59)

0.38∗∗ac
(0.34–0.43)

𝛽C (𝜇mol/L) 0.43
(0.27–1.06)

0.90
(0.34–1.21)

0.86
(0.52–1.29)

0.31∗∗ab
(0.26–0.374)

0.27∗∗ab
(0.24–0.27)

TBARS (𝜇mol/L) 5.11
(4.64–5.64)

4.77
(4.13–5.11)

5.04
(4.44–5.23)

5.15
(4.57–6.28)

5.60∗∗ab
(5.19–5.86)

The median (interquartile range) is shown.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01; aVersus group 1; bVersus group 2; cVersus group 3.

(b)

Control
(𝑛 = 34)

Group 1
−𝛾T

(𝑛 = 16)

Group 2
−𝛾TCoQ

10

(𝑛 = 16)

Group 3
−𝛾T𝛽C
(𝑛 = 10)

Group 4
−𝛾TCoQ

10
𝛽C

(𝑛 = 10)

UA (𝜇mol/L) 15.07
(14.12–16.02)

17.96
(12.78–24.11)

21.29
(12.78–23.28)

20.09∗
(17.88–27.54)

17.06
(16.08–20.62)

Hyp (𝜇mol/L) 2.39
(1.85–3.25)

2.79
(1.98–4.04)

3.23
(2.57–4.59)

2.21
(1.91–3.15)

2.72
(1.91–3.68)

Xan (𝜇mol/L) 1.78
(1.11–2.01)

2.34∗
(1.54–3.07)

2.39∗∗
(1.54–3.24)

1.88
(1.68–2.34)

2.06
(1.88–2.59)

Ino (𝜇mol/L) 0.91
(0.66–1.16)

1.07∗
(0.94–1.48)

1.19∗∗
(1.07–1.53)

1.19∗∗
(0.95–1.68)

1.15∗
(1.10–1.35)

Ado (𝜇mol/L) 0.40
(0.27–0.55)

0.17∗
(0.13–0.54)

0.12a∗∗
(0.07–0.17)

0.17∗∗
(0.13–0.24)

0.19∗∗
(0.11–0.28)

Ino/Ado 2.02
(1.14–2.43)

5.08∗∗
(2.52–7.98)

7.25∗∗
(4.92–12.98)

5.35∗∗
(3.63–7.98)

6.77∗∗
(5.07–9.41)

Hyp/Ino 2.50
(2.15–3.32)

2.60
(1.93–3.31)

2.66
(1.94–3.33)

2.14
(1.57–2.32)

2.87
(1.41–3.23)

Hyp/Ado 5.68
(3.70–7.47)

14.52∗
(6.54–18.51)

15.72b,c∗∗
(14.36–47.5)

14.68∗
(5.10–17.70)

19.24∗
(5.10–30.37)
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(b) Continued.

Control
(𝑛 = 34)

Group 1
−𝛾T

(𝑛 = 16)

Group 2
−𝛾TCoQ

10

(𝑛 = 16)

Group 3
−𝛾T𝛽C
(𝑛 = 10)

Group 4
−𝛾TCoQ

10
𝛽C

(𝑛 = 10)

Xan/Hyp 0.67
(0.60–0.75)

0.84
(0.62–0.98)

0.72
(0.63–0.84)

0.88∗
(0.69–0.99)

0.74
(0.62–0.96)

UA/Xan 9.74
(7.06–12.64)

7.86
(6.57–9.41)

7.58
(6.40–9.41)

7.81
(7.11–9.08)

7.41
(6.15–8.50)

UA/Hyp 6.94
(4.73–7.85)

7.60
(4.51–8.84)

5.79
(4.41–8.55)

7.68
(5.91–8.95)

5.27
(4.69–7.04)

The median (interquartile range) is shown.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01 versus control group.

a
𝑃 = 0.0283 versus group 1; b𝑃 = 0.0435 versus group 1; c𝑃 = 0.0783 versus group 3.

levels of uric acid compared to the control group (20.09
(17.88–27.54) versus 15.07 (14.12–16.02) 𝜇mol/L, 𝑃 = 0.024).
In comparison to the control group, significantly elevated
CSF levels of xanthine were observed in patients with 𝛾T
deficiency and 𝛾T + CoQ

10
deficiency only (Table 4(b)).

4. Discussion

The results presented suggest that, in patients with multi-
ple sclerosis (MS) alteration in the metabolism of purine
nucleotides (Table 2), reduced antioxidant and neuropro-
tection (Table 3) occur, and is associated with increased
intrathecal synthesis of IgG. Similar results were reported by
multiple authors [8, 22–25].

MS patients may suffer from a cell energy metabolism
deficit that can be documented in biological fluids (cere-
brospinal fluid and serum).Theprofile of compounds directly
(CSF adenosine, inosine, hypoxanthine, xanthine, and uric
acid) or indirectly (serum coenzyme Q

10
) reflects the imbal-

ance between adenosine triphosphate (ATP) production
and consumption. Increased purine nucleotide degradation
observed in our MS patients (Table 2) is activated in sit-
uations that are associated with a decrease in the amount
of ATP and the related rise of adenosine monophosphate
(AMP) levels. AMP can be metabolized in the cells in two
ways: (a) by deamination to inosine monophosphate (IMP)
followed by dephosphorylation of IMP to inosine or (b)
by dephosphorylation to adenosine and its deamination to
inosine (Figure 3). At physiological concentrations of ATP
deamination of AMP to IMP is preferred [26].

In experimental autoimmune encephalomyelitis (EAE),
the animal model of MS, it has been effectively shown that
efficiency in neuronal ATP biosynthesis is decreased due to
mitochondrial malfunctioning, leading to cell energy state
imbalance [27, 28]. If this occurs in MS patients too, a
continuous outflow of ATP catabolites, including uric acid
and its precursors, is expected from cerebral tissue of the
MS lesions into the extracellular space. The picture of an
energetic alteration in MS patients indirectly is reinforced by
data referring to the coenzyme Q

10
decrease in serum of MS

patients (Table 3).
Coenzyme Q

10
is essential for the energy production

of the cells as an electron transporter in the mitochondrial

respiratory chain. In the process of oxidative phosphory-
lation in mitochondria Coenzyme Q

10
transfers electrons

from complex I (NADH CoQ reductase) to complex III
(cytochrome bc1 complex) or complex II (succinate dehy-
drogenase) on the complex III [29]. CoQ

10
deficiency during

the time of increased energy requirements causes a decrease
in production of ATP and activates the processes that lead
to the degradation of ATP to AMP, its dephosphorylation
to adenosine, and its subsequent degradation to inosine and
hypoxanthine (Table 4(b)).

The energy deficit of CoQ
10
(group 2, Table 4(a)) reduces

the CSF levels of neuroprotective adenosine due to increased
degradation of adenosine to inosine and hypoxanthine.
Moreover, coenzyme Q

10
is one of the most important

lipophilic antioxidants, preventing the generation of free rad-
icals as well as oxidative modifications of proteins, lipids, and
DNA and can also regenerate the other powerful lipophilic
antioxidant, 𝛼-tocopherol. Decreased levels of CoQ

10
in

humans are observed in many pathological conditions (e.g.,
cardiac disorders, neurodegenerative diseases, AIDS, and
cancer) associated with intensive generation of free radicals
and their action on cells and tissues [29]. A crucial role
in all these processes is played by NAD(P)H-dependent
reductase(s) acting as the plasma membrane to regenerate
the reduced ubiquinol form of CoQ

10
, contributing to the

maintenance of its antioxidant properties [30]. Moreover,
correlations of serum levels of Coenzyme Q

10
and vitamin

E isomers (particularly with 𝛾-tocopherol) in MS patients
show that CoQ

10
is involved to the mechanisms that lead to

alteration in the purine nucleotides metabolism, as well as in
the processes of regeneration of vitamin E (Figure 2).

Serum 𝛼-tocopherol levels were in MS patients within
the physiological values, but serum 𝛾-tocopherol levels were
reduced. Up to 71.4% of MS patients had subliminal serum
values of 𝛾Tand the rest of theMSpatientswere in the bottom
border of the 𝛾T physiological values (Figure 1). Serum levels
of 𝛾T significantly correlated with levels of 𝛼-tocopherol (𝑟 =
0.314, 𝑃 = 0.04) (Figure 2).

Vitamin E collectively refers to 8 different structurally
related tocopherols and tocotrienols that all possess antiox-
idant activity. The antioxidant activity of vitamin E is derived
primarily from 𝛼T and 𝛾T, of which 𝛼T is the most bio-
logically active and the predominant form found in blood.
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During lipid oxidation the isoforms of vitamin E scavenge
reactive oxygen species (ROS). This reaction produces oxi-
dized tocopheroxyl radicals that can be recycled back to
the active reduced form through reduction by vitamin C.
Without reduction of vitamin E by vitamin C, vitamin E can
act as ROS donor [31].

In addition to scavenging ROS, 𝛾T in contrast to 𝛼T also
react with nitrogen species such as peroxynitrite, forming
5-nitro-𝛾-tocopherol [32]. It has been accepted that the
molecules of peroxynitrite are the final molecules responsible
for pathological processes in neurodegenerative diseases
and MS [33]; 3-nitrotyrosine is an indicator of increased
formation of peroxynitrite and the most important molecule
considered to be in charge of demyelination [33]. Significantly
increased plasma levels of 3-nitrotyrosine were reported in
MS patients [15, 34]. Low levels of 𝛾-tocopherol and 𝛾/𝛼-
tocopherol ratio in ourMS patientsmight indirectly point out
to its high consumption through quenching reactive nitrogen
species.

Serum levels of 𝛾T showed positive significant rela-
tionship between CoQ

10
(𝑟 = 0.355, 𝑃 = 0.02) and

𝛾T and IgG index (𝑟 = 0.314, 𝑃 = 0.04), indicator of
intrathecal synthesis IgG. While both tocopherols exhibit
anti-inflammatory activity in vitro and in vivo, supplemen-
tation with mixed (𝛾-enriched) tocopherols seems to be
more potent than supplementation with 𝛼-tocopherol alone
[35]. Cook-Mills [36] reported that supplementation with
physiological levels of purified natural forms of the vitamin
E isoforms 𝛼T and 𝛾T has opposing regulatory functions
during inflammation such that 𝛼T is anti-inflammatory and
𝛾T is proinflammatory. Positive correlation of 𝛾T with IgG
index could indicate proinflammatory effect of 𝛾T in MS
patients. The imbalance of 𝛼T/𝛾T levels in plasma may have
significant health consequences.

Out of the measured antioxidants, 𝛾T correlated the most
with CSF levels of purine nucleotide degradation products
(Figure 3). Serum levels of 𝛾T correlated positively with CSF
levels of adenosine, hypoxanthine, xanthine, and metabolic
turnover of adenosine to inosine and negatively with CSF
levels of uric acid and metabolic turnover hypoxanthine to
uric acid (Figure 3).

Mechanism of 𝛾T influence on the metabolism of purine
nucleotides is not yet known. Participation of 𝛾T in the
process of purine nucleotides degradation is probably con-
nected with its ability effectively to scavenge NO and other
free nitrogen radicals and with scavenging activity of uric
acid, which effectively scavenges peroxynitrite formed by the
reaction of NO with superoxide [37]. Due to its significant
correlation with CoQ

10
, 𝛽-carotene, and IgG index, it can

be assumed that its effect on the metabolism of purine
nucleotides has more complex (synergistic) nature.

Levels of 𝛽-carotene in serum (0.64 ± 0.48 (0.27–
1.06) 𝜇mol/L) in MS patients were in the lower range of the
reference value (0.3–3.0 𝜇mol/L). We observed deficit status
of 𝛽-carotene at approximately 30% of MS patients (Table 3).
Serum levels of 𝛽-carotene significantly negatively correlated
with serum TBARS levels (𝑟 = −0.3295, 𝑃 = 0.048) and with
indicators of intrathecal synthesis of IgG-IgG index (−0.4653,
𝑃 = 0.0033) and RIG (𝑟 = −0.5038, 𝑃 = 0.0017) (Figure 2).

After the division of MS patients, according to their vitamin
deficiency status into 4 groups (Table 4), MS patients with
𝛽-carotene deficiency (group 3) in comparison to patients
with 𝛾T deficiency (group 1) and CoQ

10
deficiency (group 2)

had significantly higher values of IgG index and RIG and in
comparison to group 1 (−𝛾T) they had higher levels of TBARS
(Table 4(a)).

These results show that 𝛽-carotene in MS patients partic-
ipates significantly in the neutralization of lipid peroxidation
processes running in this disease. Among the analyzed
serum antioxidants, 𝛽-carotene correlated with TBARS levels
only. Beta-carotene in comparison to 𝛼-tocopherol is more
lipophilic and quenches radicals in lipophilic compartments
more effective than 𝛼-tocopherol [38].

Carotenoids are best known for their antioxidant activ-
ities including quenching-free radicals, reducing damage
from reactive oxidant species, and inhibiting lipid peroxida-
tion. Carotenoids also facilitate cell-to-cell communication
which regulates cell growth, differentiation, and apoptosis,
and some carotenoids convert to vitamin A [39]. Carotenoids
play a pivotal role in prevention of many degenerative
diseases mediated by oxidative stress including neurodegen-
erative diseases [40].

Low levels of 𝛽-carotene observed in our group of MS
patients may be due to a degradation of 𝛽-carotene in its
scavenging activity. It was found that, during the oxidation
attacks, carotenoid breakdown products are formed (CBPs),
including highly reactive aldehydes and epoxies [41]. Stimu-
lated neutrophils are able to breakdown the 𝛽-carotene and
form a number of CBPs, which inhibit the mitochondrial
respiration.This is accompanied by a reduction in the protein
sulfhydryl content, a reduction of glutathione (GSH) levels
and redox status, and increased accumulation of malonydi-
aldehyde (MDA). Changes in the mitochondrial membrane
potential can lead to deterioration in function of adenine
nucleotides translocator [42].

Beta-carotene also has anti-inflammatory effects. An
inflammatory stimulus, such as IFN-𝛾, activatesmacrophages
to produce various proinflammatory cytokines (TNF𝛼, IL-
1𝛽) and inflammatory mediators, which are synthesized
by cyclooxygenase (PGE2) and by induced NO synthase.
Expression of these cytokines and genes may be regulated
by activation of transcription factor NF-𝜅B. Beta-carotene
acts as an inhibitor of redox activation of the transcription
factor [42]. The association between inflammation and a
decrease in 𝛽-carotene also showed Van Herpen-Broekmans
[43], who found a negative correlation between serum levels
of 𝛽-carotene and inflammatory marker CRP.

5. Conclusions

The results of the work show that patients with multiple
sclerosis in the early stage of the disease are characterized by
reduced antioxidant, immunoregulatory, and neuroprotec-
tive ability, which are reflected by the increasedmetabolismof
purine nucleotides, reduced CSF adenosine levels, low serum
levels of lipophilic antioxidants 𝛾-tocopherol, 𝛽-carotene,
CoQ
10
, and elevated levels of serum TBARS. Serum levels
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of CoQ
10
(an indicator of bioenergetic state) and 𝛾T (isomer

of vitamin E) significantly interfere with the metabolism of
purine nucleotides in CSF, while 𝛽-carotene is rather associ-
ated with intrathecal synthesis of IgG and with neutralization
of lipid peroxidation processes running in this disease. Due
to the fact that one of the possible causes of the axonal
degeneration and disability may be an energy deficiency
by increased energy requirements for axonal remyelination,
demyelination and lipid peroxidation disturbance caused by
free radicals production, decreased serum levels of CoQ

10
,

and lipophilic antioxidants should be taken into account in
clinical practice.
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[18] J. Kucharská, A. Gvozdjáková, S. Mizera et al., “Participation of
coenzyme Q

10
in the rejection development of the transplanted

heart clinical study,” Physiological Research, vol. 47, pp. 399–404,
1998.

[19] J. K. Lang, K. Gohil, and L. Packer, “Simultaneous determi-
nation of tocopherols, ubiquinols, and ubiquinones in blood,
plasma, tissue homogenates, and subcellular fractions,” Analyt-
ical Biochemistry, vol. 157, no. 1, pp. 106–116, 1986.

[20] D. R. Janero and B. Burghardt, “Thiobarbituric acid-reactive
malondialdehyde formation during superoxide-dependent,
iron-catalyzed lipid peroxidation:influence of peroxidation
conditions,” Lipids, vol. 24, no. 2, pp. 125–131, 1989.

[21] H. Reiber and J. B. Peter, “Cerebrospinal fluid analysis: disease-
related data patterns and evaluation programs,” Journal of the
Neurological Sciences, vol. 184, no. 2, pp. 101–122, 2001.

[22] S. L. Molyneux, J. M. Young, C. M. Florkowski, M. Lever, and
P. M. George, “Coenzyme Q

10
: is there a clinical role and a case

for measurement?” Clinical Biochemist Reviews, vol. 29, no. 2,
pp. 71–82, 2008.

[23] A. M. Amorini, A. Petzold, B. Tavazzi et al., “Increase of uric
acid and purine compounds in biological fluids of multiple
sclerosis patients,” Clinical Biochemistry, vol. 42, no. 10-11, pp.
1001–1006, 2009.

[24] G. Lazzarino, A. M. Amorini, and M. J. Eikelenboom, “Cere-
brospinal fluid metabolites in multiple sclerosis,” Neuropathol-
ogy and Applied Neurobiology, vol. 34, no. 6, pp. 577–589, 2008.

[25] G. Salemi, M. C. Gueli, F. Vitale et al., “Blood lipids, homocys-
teine, stress factors, and vitamins in clinically stable multiple
sclerosis patients,” Lipids in Health and Disease, vol. 9, pp. 19–
25, 2010.

[26] R. Hallgren, F. Niklasson, A. Terent, A. Akerblom, and E.
Widerlov, “Oxypurines in cerebrospinal fluid as indices of
disturbed brain metabolism. A clinical study of ischemic brain
diseases,” Stroke, vol. 14, no. 3, pp. 382–388, 1983.

[27] X. Qi, A. S. Lewin, L. Sun, W. W. Hauswirth, and J. Guy,
“Mitochondrial protein nitration primes neurodegeneration in
experimental autoimmune encephalomyelitis,” The Journal of
Biological Chemistry, vol. 281, no. 42, pp. 31950–31962, 2006.

[28] R. Dutta, J. McDonough, X. Yin et al., “Mitochondrial dys-
function as a cause of axonal degeneration in multiple sclerosis
patients,” Annals of Neurology, vol. 59, no. 3, pp. 478–489, 2006.

[29] E. Siemieniuk and E. Skrzydlewska, “CoenzymeQ
10
: its biosyn-

thesis and biological significance in animal organisms and in
humans,” Postępy Higieny i Medycyny Doświadczalnej, vol. 59,
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